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SUMMARY

The 3d transition metals have been investigated as active centers in
NiOOH to catalyze oxygen evolution reaction (OER); however, ques-
tions about the mechanism remain. Here, we study how cobalt (Co)
and iron (Fe) doping and CoFe codoping determine the OER activity
of NiOOH via experiments and theoretical calculations. The results
show that both Co and Fe, with enhanced density of states near
the Fermi level, decrease the overpotential by increasing the bind-
ing energy of O* and consequently exhibit higher activities than
nickel. In particular, Fe, with nearly optimal O* binding energy, ex-
hibits the lowest overpotential of 181 mV to reach 50 mA cm�2. In
the case of CoFe codoping, Co alters the electronic states of Fe,
which weakens the Fe-OOH bond and slightly increases the overpo-
tential. Based on the calculated activities, an overpotential contour
plot is constructed, providing guidance for catalyst design
via modulating electronic structures and intermediate binding
energies.
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INTRODUCTION

Electrocatalytic water splitting has been widely recognized as a promising means for

clean hydrogen production, but it is greatly hindered by the sluggish kinetics of the

oxygen evolution reaction (OER).1 Although the superior OER electrocatalytic activ-

ity of noble metal-based catalysts (e.g., RuO2, IrO2) has been widely reported, the

sustainable large-scale commercial use of such catalysts is severely impeded by their

scarcity, high cost, and electrochemical instability.2 Great effort has therefore been

devoted to the development of economically viable, highly efficient, and chemically

stable catalysts. In this regard, earth-abundant 3d transition metal (3d-TM) nanoma-

terials have been identified as promising candidates as they can be rationally acti-

vated to achieve OER performances comparable to or even better than those of

noble metal catalysts.3–6

Among the different 3d-TM catalysts, Ni, Co, and Fe in Ni matrices have been the

most widely reported.7–9 Nevertheless, the exact active site and the catalytic mech-

anism are still under intense debate. For Fe, it has been widely accepted that its

doping in the Ni matrix leads to outstanding catalytic performance.10–13 Most of

the research has attributed the high catalytic activity to the high oxidation state of

Fe under OER conditions, and tremendous effort has been devoted to

probing the valence state of Fe via imaging methods such as operando Mössbauer
Cell Reports Physical Science 1, 100077, June 24, 2020 ª 2020 The Authors.
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spectroscopy and in situ X-ray absorption spectroscopy.10,12,14 However, different

valence states of Fe were obtained and thus different catalytic mechanisms were

proposed.11–15 Moreover, the extensive focus on the valence state also aroused con-

troversy on the real active sites, as high valence Ni(IV) has also been regarded as be-

ing catalytically active.16,17 For Co in the Ni matrix, current experimental and theo-

retical results are not sufficiently consistent regarding the effect of Co and the OER

active sites,7,8,18 probably attributable to the fact that the role of Co is not as signif-

icant as the role of Fe. For the case of CoFe codoping in the Ni matrix, contemporary

studies are in the experimental stage, and their roles and mechanisms for OER per-

formance enhancement are still inconclusive due to the complexity of the system.19

In general, these disputes are aroused primarily because of the difficulties in estab-

lishing a reliable relation between the electronic structures and the catalytic proper-

ties. Therefore, a systematic and comprehensive solution is needed to correlate the

electronic structures with the intermediate binding energies and the catalytic

activity.

Here, to provide a clear and complete picture of this issue, we systematically inves-

tigated the electronic interactions among Ni, Co, and Fe in Co-doped, Fe-doped,

and codoped NiOOH, and their effects on intermediate binding energies and

OER catalytic activity through both experiments and theoretical calculations. Atom-

ically thin Ni(OH)2 nanosheets (ATNNs-Ni) were chosen as the precatalyst matrix in

this work due to sufficient exposure of the NiOOH (01-12) facet duringOER catalysis,

which is believed to exhibit theoretical activities that are in good agreement with the

experimental results.14 Our study shows that the activity follows a decreasing order

of NiOOH-Fe > NiOOH-Fe-Co > NiOOH-Co > NiOOH-Ni. Detailed explanations of

the activity trend were given via electron energy-loss spectroscopy (EELS) analysis

and Hubbard-corrected density functional theory (DFT+U) calculations, which

emphasize the importance of electronic interactions among different metal sites

on intermediate binding energies and catalytic overpotential.

RESULTS AND DISCUSSION

Synthesis and Characterization

ATNNs-Ni were first synthesized through a surfactant-assisted assembly approach

(Figure S1).20 Briefly, the surfactant of pluronic P123 first forms inverse lamellar mi-

celles in ethylene-glycol-water mixed solvent. Hydrated inorganic oligomers are

then confined inside the micelles and controlled to assemble along the two-dimen-

sional (2D) space, which finally leads to the formation of nanosheets. After the

preparation of ATNNs-Ni, Co(III) and/or Fe(III) are doped into the host lattice in

aqueous suspension, and the resultant materials are denoted as ATNNs-Co,

ATNNs-Fe, and ATNNs-Fe-Co, respectively. It was reported that the dopant atoms

are initially incorporated at the edge or at defect sites, and then some of them un-

dergo cation exchange with Ni(II) to form a stable layered double-hydroxide struc-

ture.21,22 The nanosheets show no evident structural changes after doping (Fig-

ure 1A), which possess an ultrathin thickness of �0.68 nm and lateral dimensions

up to 2 mm (Figure 1B). These nanosheets have a phase structure of a-Ni(OH)2
and exhibit a low degree of crystallinity (Figure 1C). The dopant elements of Co

and Fe are homogeneously distributed throughout the nanosheets, and the

doping ratios to total cation content are �4.54 and 3.76 atom %, respectively (Fig-

ures 1D and S2).

Phase Structures and Surface Chemical States

The phase structures were further confirmed by X-ray diffraction (XRD) (Figure 2A),

and the nanosheets assembled in the solvent were used for characterization, as
2 Cell Reports Physical Science 1, 100077, June 24, 2020



Figure 1. Morphology and Structure Characterization of ATNNs-Fe

(A) Scanning electron microscopy (SEM) image. Scale bar, 1 mm.

(B) Atomic force microscopy (AFM) image and the corresponding height profile (inset) of a typical nanosheet showing its atomic thickness.

(C) High-resolution scanning transmission electron microscopy (HRSTEM) image and selected area electron diffraction (SAED) pattern (inset)

presenting the low-crystallized a-Ni(OH)2 matrix. Scale bars, 3 nm for HRSTEM image and 5 1/nm for SAED pattern.

(D) STEM image of ATNNs-Fe and energy dispersive X-ray spectroscopy (EDS) elemental maps of Ni, Co, Fe, and O. Scale bars, 100 nm.
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those grown on Ni foam lack long-range order in the third dimension (Figure S3). As

can be seen, all of the diffraction peaks match well with a-phase Ni(OH)2 (Joint Com-

mittee on Powder Diffraction Standards [JCPDS] no. 38-0715),23 while tiny differ-

ences also exist, including small shifts to lower angles and decreased peak inten-

sities with increased doping levels. This is because the incorporation of Co(III) and

Fe(III) in a-Ni(OH)2 is accompanied by the intercalation of anions (e.g., NO3
�,

CO3
2�) into the interlayer gallery for charge compensation,24 resulting in expanded

interlayer spacing and turbostratic structure.

The chemical states were then studied by X-ray photoelectron spectroscopy (XPS)

(Figure 2B). The high-resolution O 1s spectra have 2 peaks located at �531.00

and 533.80 eV (Figure S4), indicating the formation of Ni(OH)2 and the presence

of intercalated species (H2O and anions), respectively.25 The spectra of Ni 2p3/2

core levels exhibit a 0.60-eV shift to lower binding energies according to the Na-

tional Institute of Standards and Technology (NIST) XPS database (Figure 2C), which

results from the increased electron densities around Ni atoms caused by the lattice

distortion.26 Co and Fe have negligible influences on the binding energy of Ni due to

their low doping concentrations. In contrast, the binding energies of Co in ATNNs-

Co and Fe in ATNNs-Fe exhibit obvious positive shifts of 0.85 and 1.60 eV compared

with those in CoOOH and FeOOH, respectively (Figures 2D and 2E). The significant

shifts originate from the physicochemical environment of Ni(OH)2 that causes notice-

able changes in the electronic states at the doping sites. In addition, the Co 2p3/2

and Fe 2p3/2 core level positions in ATNNs-Fe-Co are 0.32 and 0.38 eVmore positive

than those in ATNNs-Co and ATNNs-Fe, respectively, indicating the significant elec-

tronic interaction and the probable existence of adjacent Co and Fe doping. As both

Co(III) and Fe(III) could gain electrons from surrounding O atoms due to their higher
Cell Reports Physical Science 1, 100077, June 24, 2020 3



Figure 2. Phases and Surface Chemical States

(A) XRD patterns showing the peak shifts and intensity changes.

(B) XPS survey spectra with dotted rectangles highlighting the signals of Co and Fe dopants.

(C) High-resolution spectra of Ni 2p showing the shift of binding energy caused by the lattice distortion.

(D and E) High-resolution spectra of Co 2p (D) and Fe 2p (E), in which the binding energies show different degrees of shift due to the electronic

interaction between Co and Fe.
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electronegativity than Ni(II), the competing electron-withdrawing effect leads to

their higher oxidation states in ATNNs-Fe-Co.
OER Catalytic Performance

The OER activity of different catalysts was systematically evaluated in purified 1 M

NaOH via a typical three-electrode system (catalyst grown on Ni foam, graphite

rod, and Hg/HgO electrode were used as the working electrode, counter electrode,

and reference electrode, respectively). As shown in Figure 3A, the polarization

curves (corrected with 95% iR compensation) present anodic peaks at�125 mV, rep-

resenting the oxidation of a-Ni(OH)2 to g-NiOOH.8 The oxygen evolution starts at

more positive potentials, and thus NiOOH is believed to be the real host under

OER conditions. The formation of NiOOH was further confirmed by selected area

electron diffraction (SAED) pattern after catalysis (Figure S5) and in situ XRD under

catalytic reaction conditions (Figure S6). Comparisons of the catalytic activity were

made at a current density of 50 mA cm�2 and an overpotential of 200 mV. More

concretely, to reach 50 mA cm�2, the required overpotentials for ATNNs-Ni,

ATNNs-Co, ATNNs-Fe, and ATNNs-Fe-Co are 263, 220, 181, and 189 mV, respec-

tively (Figure 3B), and at 200 mV, the recorded current densities are 23.9, 35.6, 98.6,

and 68.9 mA cm�2, respectively (Figure 3C). Therefore, ATNNs-Fe displays the

lowest overpotential and the highest current density among all investigated

catalysts. In addition, the apparent turnover frequencies (TOFs) at 200 mV were
4 Cell Reports Physical Science 1, 100077, June 24, 2020



Figure 3. OER Catalytic Performances

(A) Polarization curves with a rectangle highlighting the oxidation of a-Ni(OH)2 to g-NiOOH.

(B) Overpotentials required to reach a current density (j) of 50 mA cm�2.

(C) Current densities at an overpotential (h) of 200 mV.

(D) TOFs calculated at h = 200 mV.

(E) Tafel plots (overpotential versus log(current density)) in low overpotential regions.

(F) Differences in current density at 0.3 V versus Hg/HgO plotted against scan rates, the slope of which is twice the double-layer capacitance (Cdl).

(G) Comparison of the catalytic performance between ATNNs-Fe and previously reported NiFe catalysts.

(H) Durability evaluation via CA test at varied overpotentials for 16 h followed by CP test at j = 20 mA cm�2 for 40 h.

The error bars in (B)–(D) and (F) denote the standard deviation of 8 technical replicates.
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calculated, assuming Ni, Co, and Fe to be the active centers in ATNNs-Ni, ATNNs-

Co, and ATNNs-Fe(-Co), respectively. As shown in Figure 3D, ATNNs-Fe exhibits a

TOF as high as 36.21 s�1, dramatically exceeding those of 0.32, 10.81, and 25.30 s�1

for ATNNs-Ni, ATNNs-Co, and ATNNs-Fe-Co, respectively, suggestive of its high

intrinsic activity. Moreover, Tafel plots were derived from the polarization curves

in low overpotential regions. As shown in Figure 3E, the estimated Tafel slopes of

ATNNs-Ni, ATNNs-Co, and ATNNs-Fe-Co are 128.2, 99.4, and 58.4 mV dec�1,

respectively, while a small value of 43.2 mV dec�1 is achieved for ATNNs-Fe, indi-

cating the dramatically enhanced reaction kinetics after Fe doping.

Normally, the electrochemically active surface area (ECSA) is regarded as the pri-

mary reason for the catalytic behavior; however, it cannot account for the activity

change herein, as the double-layer capacitance (Cdl) of ATNNs-Fe is 17.4% larger,

7.8% larger, and 7.5% smaller than ATNNs, ATNNs-Co, and ATNNs-Fe-Co, respec-

tively (Figure 3F), while the current density is 313%, 177%, and 43% higher,
Cell Reports Physical Science 1, 100077, June 24, 2020 5
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respectively (Figure 3C). As a result, the enhanced activity is mainly attributable to

the active sites created by Fe doping. It is worth noting that ATNNs-Fe is among

the best NiFe catalysts that have ever been reported (Figure 3G),27–34 which is attrib-

utable to its atomic thickness (0.68 nm), which ensures the exposure of a large frac-

tion of active sites on the surface.

ATNNs-Fe also exhibits excellent catalytic durability as assessed by the chronoam-

perometric test (CA) for 16 h and the chronopotentiometric test (CP) for another 40 h

(Figure 3H). CA curves indicate that the current density increases with increasing

overpotential, and CP curves show that the overpotentials of ATNNs-Co, ATNNs-

Fe, and ATNNs-Fe-Co exhibit only slight increases of 12.2, 9.8, and 8.8 mV, respec-

tively, while that of ATNNs-Ni suffers a dramatic increase of 21.9 mV. The excellent

durability of doped catalysts mainly results from the efficient mass diffusion and

charge transfer processes brought by the expanded interlayer gallery and the

enhanced electrical conductivity due to chemical doping (Figure S7).

Electronic Interaction after OER Testing

To disclose the catalytic mechanism, it is essential to first understand the electronic

interactions among different metal sites after catalysis as surface reconstruction hap-

pens under the OER potential.4 Here, the electronic structures of different metal

sites were probed via EELS analysis (Figure 4). The L2,3-edge EEL spectra of transi-

tion metals, caused by electron excitations from 2p core levels to unoccupied 3d or-

bitals, directly reflect the 3d electronic states, and therefore could provide accurate

information about the coordination environment and electronic state.35 As shown in

Figure 4B, distinct peaks of Ni L2,3, Co L2,3, and Fe L2,3 edges are clearly detected,

suggesting that the dopants were not leached from the lattice during catalysis.

Further analysis by inductively coupled plasma-optical emission spectroscopy

(ICP-OES) suggests negligible changes in the atomic percentages of Co and Fe after

catalysis due to the pre-purified electrolyte and stable catalyst structure (Table S1).

The position of Ni L2,3-edge shifts to higher energy losses with the increasing doping

level indicates that both Co and Fe promote the oxidation of Ni under OER condi-

tions (Figure 4C).16,35 Special emphasis was placed on the Co L2,3 and Fe L2,3 edges,

the white lines of which were fitted by multiple Gaussian peak functions (Figures 4D

and 4E), reflecting different oxidation states and coordination environments.36

Compared with the fitted Co L3-edge spectrum of ATNNs-Co, an extra Gaussian

peak appears at 782.8 eV for ATNNs-Fe-Co, which suppresses neighboring peaks

and broadens the Co L3-edge spectrum. The extra peak most likely results from

the Co-O-Fe bonding environment,37–39 and the broad feature suggests its influ-

ence on a wide range of oxidation states.40 Correspondingly, a shoulder Gaussian

peak appears at 712.6 eV in the fitted Fe L3-edge spectrum of ATNNs-Fe-Co

compared with ATNNs-Fe, further confirming the strong electronic interaction be-

tween Co and Fe. The extra Gaussian peaks appear at higher energy losses, indi-

cating the higher oxidation states of Co and Fe in ATNNs-Fe-Co. We believe that

the higher oxidation state of Co was also promoted by Fe at the applied potential

due to similar physicochemical properties between Ni and Co. By contrast, the

higher oxidation state of Fe should originate from the lower electron gain from Co

compared with Ni. In general, the EELS analysis provides evidence that the adjacent

doping of Co and Fe and their electronic interaction still exist after the surface recon-

struction induced by OER catalysis.41

Understanding the Mechanism via DFT+U Calculations

To deeply understand how Co and Fe doping modulates the catalytic activity, we

performed DFT+U calculations to disclose the correlations among electronic
6 Cell Reports Physical Science 1, 100077, June 24, 2020



Figure 4. EELS Analysis after Catalysis

(A) High-angle annular dark-field (HAADF) image of ATNNs-Fe after OER testing. Scale bar, 100 nm.

(B) Background and continuum subtracted EEL spectra acquired at the Ni L2,3, Co L2,3, and Fe L2,3 edges.

(C) Ni L2,3-edge spectra showing the increased oxidation state with increasing doping level.

(D and E) Co L2,3-edge (D) and Fe L2,3-edge (E) spectra fitted by several Gaussian functions. Extra Gaussian peaks (orange peaks) appear at higher

energy-loss positions of Co L2,3 and Fe L2,3 edges in ATNNs-Fe-Co, respectively, indicative of the adjacent doping of Co and Fe and the interaction

between their electronic states.
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structures, intermediate energetics, and catalytic overpotential. The NiOOH (01-12)

facet with 5-fold coordinated metal atoms (Figure S8) was selected as the surface

termination due to the reason explained at the beginning, and all potential active

sites were considered (Figure S9). As shown in Figure 5A, the OER consists of

four-electron and four-proton transfer steps. The reaction pathways and corre-

sponding Gibbs free energy changes can be expressed as14,42

H2O + �/OH � + e� +H+ step 1
DG1 = DGOH� � eU+ kBTln103pH
OH�/O� + e� +H+ step 2
DG2 = DGO� � DGOH� � eU+ kBTln103pH
O� +H2O/OOH � + e� +H+ step 3
DG3 = DGOOH� � DGO� � eU+ kBTln103pH
OOH�/ � +O2 + e� +H+ step 4
Cell Reports Physical Science 1, 100077, June 24, 2020 7



Figure 5. DFT+U Calculations on OER Activities of Surface Ni, Co, and Fe Sites

(A) OER reaction pathway on the (01-12) facet of NiOOH, showing the adsorption, dissociation, and desorption of OER intermediates.

(B) Gibbs free energy profiles of different metal sites along the reaction pathway.

(C) Scaling relation between Gibbs free energies of OOH* and OH* expressed by DGOOH* = DGOH* + 2.89 eV (MAE = 0.06 eV).

(D) Volcano plot of overpotential as a function of DGOOH* � DGO* based on the scaling relation of DGOOH* = DGOH* + 2.89 eV.

(E) Calculated PDOS of different surface metal sites.

(F) Binding energies and overpotentials of different surface metal sites.

(G) Contour plot of theoretical overpotential as a function of DEOOH � DEO and DEOH.

ll
OPEN ACCESS Article
DG4 = 4:92eV� DGOOH� � eU+ kBTln103pH

where * represents an active site on the (01-12) facet, and DGi (i = OH*, O*, and

OOH*) are Gibbs free energies of OER intermediates. The theoretical overpotential

under standard conditions (T = 298.15K, p = 1 bar, pH = 0) is then given by42

hOER = max½DG1;DG2;DG3;DG4�=e� 1:23V (Equation 1)

The Gibbs free energy profiles are provided in Figure 5B, where Co in CoOOH and

Fe in FeOOH are also included for comparison. As can be seen, all of the Ni sites

display high overpotentials because of the large values of DG2, and therefore their

activities are restricted by the transformation of OH* to O*. Co sites exhibit the same

rate-determining step (RDS), while the overpotentials are much lower due to the

slightly smaller values of DG2. Unlike those of the Ni and Co sites, the RDS of the

Fe sites is assigned to the transformation of O* to OOH*, owing to the relatively

large values of DG3. In general, the free energy analysis suggests that both Co
8 Cell Reports Physical Science 1, 100077, June 24, 2020
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and Fe become active centers after doping, and the intrinsic activity follows a

decreasing order of Fe > Co > Ni, regardless of the type of host matrix.

It has been widely reported that scaling relations exist between the energetics

of different adsorbates.43,44 In this work, similar relations could also be established be-

tween the Gibbs free energies, adsorption energies, and binding energies of OH* and

OOH* (Table S2), which are expressed as DGOOH* = DGOH* + 2.89 eV (mean absolute

error [MAE] = 0.06 eV; Figure 5C),DEOOH* =DEOH*+ 2.86 eV, andDEOOH=DEOH+1.02

eV (MAEs = 0.06 eV; Figure S10), respectively. Since the strong correlation prevents

the independent tailoring ofDGOH* andDGOOH*,
43,45 FeNiOOH-Fe, with the largest de-

viation from the linear relationship, is expected to possess near-optimal intermediate

energetics and the highest catalytic activity.

Considering the RDS of either step 2 or step 3 and the constant difference between

DGOH* and DGOOH*, the theoretical overpotential could be expressed as

hOER =max½DG2;DG3�=e� 1:23Vz
max½2:89eV� ðDGOOH� � DGO�Þ;DGOOH� � DGO��=e� 1:23V:

(Equation 2)

By plotting hOER as a function of DGOOH* � DGO*, a universal volcano relationship

could be constructed, with the left leg restricted by OH* / O* and the right leg

determined by O* / OOH* (Figure 5D). As can be seen, both the Ni and Co sites

are distributed around the left leg, while Fe sites are located on the right leg. Fe-

NiOOH-Fe, sitting near the top of the volcano, possesses the lowest overpotential

among all of the catalytic sites, which is consistent with its having the largest devia-

tion from the scaling relation in Figure 5C.

Detailed explanations of the catalytic overpotential were provided by studying the

d-band center (εd) positions of different active sites and their influences on intermediate

binding energies. According to the d-band theory, the εd of metal sites relative to their

Fermi levels could be altered by the electronic interaction with other metal sites, and an

appropriate position of εd could optimize the binding energy of reaction intermedi-

ates.37,46–48 As shown in Figures 5E and 5F, the calculated partial density of states

(PDOS) indicates that the εd of Co 3d is slightly more positive than that of Ni 3d. This

causes a much larger increase in DEO compared with DEOH and consequently leads to

decreased catalytic overpotential. Fe 3d in FeNiOOHpossesses a εd that is much closer

to theFermi level comparedwithNi 3dandCo3d, whichdramatically increases thebind-

ing energy of O* to a nearly optimal value. As a result, FeNiOOH-Fe exhibits the lowest

overpotential and the highest activity among all of the catalytic sites. In addition, the

enhanced electrical conductivity and carrier mobility, originating from the increased

PDOS, also contribute to the remarkable catalytic performance.49 Further doping of

Co adjacent to Fe in FeCoNiOOH leads to a decreased PDOS near the Fermi level as

well as a negatively shifted εd of Fe 3d. The variations in the electronic states result in

dramatically weakened binding between Fe and OOH* and consequently a slight in-

crease incatalyticoverpotential. Further studieson thecorrelationbetween intermediate

binding energies and catalytic overpotentials could provide other important informa-

tion—the activities of the adjacent Co dopant and the Ni site in NiOOH are depressed

comparedwith those inbareCoOOHandNiOOH, respectively, due to theadverse inter-

actionbetween their electronic states; the Fedopant inNiOOH inhibits the activity of the

adjacent Ni site, while NiOOH is a more efficient matrix compared with FeOOH to facil-

itate the activity of Fe.

Previous works have reported the construction of 3D overpotential maps based on

scaling relations between intermediate energetics, which have been proven
Cell Reports Physical Science 1, 100077, June 24, 2020 9
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successful in the prediction of efficient catalysts.14,42,50,51 Here, to provide a more

precise representation of the original data, a new type of overpotential contour

plot as a function of DEOH� DEO and DEOH was constructed based on the calculated

activities of surface metal sites. As shown in Figure 5G, the overpotential decreases

continuously from the blue region (Ni sites) to the green region (Co sites), and then

to the red region (Fe sites). FeNiOOH-Fe, close to the center of the red region, with

nearly optimal intermediate binding energies, exhibits the lowest overpotential and

the highest catalytic activity. With the guidance of this overpotential contour plot,

one can rationally tune the binding energies of OER intermediates by modulating

the electronic structures (via, for example, vacancy creation, elemental doping, het-

erostructure construction) and consequently produce highly efficient catalysts for

water oxidation.

In summary, the effects of Co, Fe doping, and codoping on the OER electrocatalytic

activity of ATNNs-Ni were studied experimentally and by theoretical calculations. It

was found that both Co and Fe serve as more active centers than Ni due to the

increased binding energy of O* caused by their enhanced PDOS near the Fermi

level. In particular, Fe leads to a nearly optimal O* binding energy and therefore ex-

hibits the highest catalytic activity. In addition, the existence of Co next to Fe

weakens the binding between Fe and OOH*, and slightly increases the catalytic

overpotential. An overpotential contour plot was constructed based on the calcu-

lated energetics of surface Ni, Co, and Fe sites, providing guidance for rational

OER catalyst design based on 3d-TM materials. This work emphasizes the impor-

tance of the electronic interactions among different metal sites and discloses their

correlation with intermediate binding energy and catalytic activity, providing a refer-

ence for the discovery of efficient catalysts for diverse electrochemical reactions.

EXPERIMENTAL PROCEDURES

Lead Contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the Lead Contact, Huijun Zhao (h.zhao@griffith.edu.au).

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

The authors declare that data supporting the findings of this study are available

within the article and the Supplemental Information. All other data are available

from the Lead Contact upon reasonable request.

Materials

Pluronic P123 (average Mn �5,800; Sigma-Aldrich), ethylene glycol (99.8%; Sigma-

Aldrich), Ni(II) acetate tetrahydrate (Ni(AC)2,4H2O, 98%; Sigma-Aldrich), hexameth-

ylenetetramine (99%; Sigma-Aldrich), Fe(III) nitrate nonahydrate (Fe(NO3)3,9H2O,

98%; Sigma-Aldrich), Co(II) nitrate hexahydrate (Co(NO3)2,6H2O, 98%; Sigma-Al-

drich), hydrogen peroxide solution (H2O2, 30 wt% in H2O; Sigma-Aldrich), sodium

hydroxide (NaOH, 98%; Sigma-Aldrich), and all chemicals were used as received

without further purification.

Synthesis

To synthesize ATNNs-Ni, 0.2 g pluronic P123 was first dissolved in 3 g acetone under

stirring, then 10 mL H2O and 12 mL ethylene glycol were sequentially added. Next,

0.125 g Ni(AC)2,4H2O and 0.07 g hexamethylenetetramine were dissolved under
10 Cell Reports Physical Science 1, 100077, June 24, 2020
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stirring. After that, the green solution was transferred into a 45-mL Teflon-lined auto-

clave with 2 pieces of Ni foam stuck on the wall and heated at 150�C for 2 h. Finally,

both of the products grown on Ni foam and generated in the solution were washed

and immersed/suspended in 10 mL H2O. To incorporate Fe and Co elements, 10 mg

Fe(NO3)3,9H2O and 6 mg Co(NO3)2,6H2O + 12 mL 30 wt% H2O2 solution dissolved

in 5 mL H2O were added into the above suspensions, respectively. After moderate

stirring for 10 h at room temperature, the resultant products were washed twice with

deionized water and finally collected after drying.

Characterizations

The morphology of the nanosheets, including thickness and lateral size, was

observed by atomic force microscopy (AFM) (Bruker Dimension Icon), scanning elec-

tron microscopy (SEM) (JEOL JSM-7500FA), and scanning transmission electron mi-

croscopy (STEM) (JEOL JEM-ARM200F). The crystallinity was determined from high-

resolution transmission electron microscopy (HRTEM) imaging and the SAED

pattern, and the elements were identified via energy-dispersive spectroscopy

(EDS) mapping (Oxford XMax100TLE EDS spectrometer). XRD and in situ XRD

(mini-materials analyzer [MMA], GBC Scientific Equipment) were used to determine

the phase structures before catalysis and under operation conditions (at 0.75 V

versus Hg/HgO), respectively. The elemental compositions before and after catal-

ysis were detected by ICP-OES on an Optima 2000 DV spectrometer (Perkin-Elmer),

and the reported results were averaged from five measurements. XRD (MMA, GBC

Scientific Equipment) was used for phase characterization, and XPS (PHOIBOS 100

Analyzer from SPECS; Al Ka X-rays) was used for chemical state analysis. The elec-

tronic interactions among different metal sites after a CA test for 1 h at h =

294 mV were investigated by EELS (Gatan GIF Quantum ER EELS spectrometer) at

liquid nitrogen temperature, with the spectrometer calibrated against the zero-

loss peak. The deconvolution and curve fitting of the spectra were conducted by us-

ing non-linear least-squares fitting tools within the DigitalMicrograph software.

Electrochemical Measurements

The catalytic performances were evaluated via a typical three-electrode system

controlled by an electrochemical workstation (CHI 760, Shanghai Chenhua Instru-

ments), where O2-saturated 1 M NaOH, graphite rod, and Hg/HgO electrode

were used as the electrolyte, counter electrode, and reference electrode, respec-

tively. The nanosheets grown on Ni foam were directly used as the working elec-

trode. Before testing, several ATNNs samples were used to absorb Fe impurities

from the electrolyte via cyclic voltammetry (CV) cycles until a stable response was

achieved. The working electrode was then activated by 10 CV cycles between

0.30 and 0.65 V versus Hg/HgO at a scan rate of 10 mV s�1. Afterward, linear sweep

voltammetry (LSV) was recorded within the voltage range of 0.30–0.85 V versus Hg/

HgO at 10 mV s�1, and the reported data were corrected with 95% iR compensation.

Next, ECSA was estimated from Cdl, which was determined by the differences be-

tween anode and cathode current densities at 0.30 V versus Hg/HgOplotted against

CV scan rates (20, 30, 40, 50, 60, and 70 mV s�1) in the range of 0.25–0.35 V versus

Hg/HgO. After that, electrochemical impedance spectroscopy was performed at

0.5 V versus Hg/HgO with an amplitude of 10 mV and a frequency range of 100

kHz–100 mHz. The catalytic durability was finally assessed by the CA test at stepwise

potentials of 0.60, 0.65, 0.70, and 0.75 V versus Hg/HgO for 16 h, and then assessed

by the CP test at j = 20 mA cm�2 for 40 h.

Overpotentials were calculated according to hOER = EHg/HgO + (0.098 + 0.059 pH �
1.23) V. Tafel plots were derived from the LSV curves in low overpotential regions by
Cell Reports Physical Science 1, 100077, June 24, 2020 11
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plotting overpotential against log(current density). TOF values were calculated

based on TOF = jS/4Fn, where j (A cm�2) is the current density at h = 200 mV, S

(cm2) is the surface area of Ni foam, F is the Faraday constant (96,485 C mol�1),

and n is the number of moles of the active sites (Ni, Co, and Fe are regarded as

the active sites in ATNNS-Ni, ATNNs-Co, and ATNNs-Fe(-Co), respectively). The re-

ported overpotentials, current densities, Cdl, and TOFs in this work were averaged

from eight measurements after discarding the maximum and minimum values.
Computational Methods

Here, MOOH crystal structures were chosen to build up the periodical surface

models, and the higher index (01-12) facet was adopted.14,42,51 A vacuum slab

18 Å thick was added to separate the layer from its periodic images. All of the geom-

etry optimizations and energy calculations were performed by spin-polarized plane-

wave DFT, as implemented in the CASTEP program.52 The ultrasoft pseudopoten-

tials and the Perdew-Burke-Ernzerhof exchange-correlation functional within the

generalized gradient approximation were selected.53,54 The cutoff energy for the

plane-wave basis was chosen as 340.0 eV, and the Brillouin zone was sampled using

k-points with 0.04 Å�1 spacing in the Monkhorst-Pack scheme,55 while further

increasing the cutoff and k-points causes little difference in the results. To sufficiently

consider the on-site Columbic repulsion between the d electrons, the Hubbard U

correction was used and the values of the U-J parameters for Ni (3.4), Fe (3.29),

and Co (3.42) atoms were taken from the reference.56 The convergence criteria for

the total energy, forces, stress, atomic displacement, and self-consistent field itera-

tions were set to 1 3 10�5 eV atom�1, 3 3 10�2 eV Å�1, 5 3 10�2 GPa, 1 3 10�3 Å,

and 1 3 10�6 eV atom�1, respectively.

The Gibbs free energies of OER intermediates, DGi (i = OH*, O*, and OOH*), were

determined by the adsorption energies combined with corrections for zero-point en-

ergy and entropy, according toDGi=DEi+DZPEi� TDSi. The adsorption energies of

OER intermediates, DEi (i = OH*, O*, and OOH*), were calculated relative to H2O

and H2 (at U = 0 and pH = 0):

DEOH� = EOH� � E� � ðEH2O � 1 =2EH2Þ (Equation 3)
DEO� = EO� � E� � ðEH2O � EH2Þ (Equation 4)
DEOOH� = EOOH� � E� � ð2EH2O � 3 = 2EH2Þ (Equation 5)

The binding energies of OER intermediates, DEj (j = OH, O, and OOH), were calcu-

lated directly by DEj = Ej* � Ej � E*, where * represents an active site on the (01-12)

facet and E is the total energy calculated by using the spin polarization DFT method.
SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.xcrp.

2020.100077.
ACKNOWLEDGMENTS

This work is financially supported by Australian Research Council (ARC) Discovery

Projects (DP170104834 and DP200100965) and a Griffith University Postdoctoral

Fellowship (YUDOU 036 Research Internal). The authors are grateful to Dr. David

Mitchell and Dr. Gilberto Casillas Garcia from the University of Wollongong

(UOW) Electron Microscopy Centre for their assistance in the EELS analysis.
12 Cell Reports Physical Science 1, 100077, June 24, 2020

https://doi.org/10.1016/j.xcrp.2020.100077
https://doi.org/10.1016/j.xcrp.2020.100077


ll
OPEN ACCESSArticle
AUTHOR CONTRIBUTIONS

Y.D. conceived the idea, carried out the experiments, and wrote themanuscript. H.Z.

and H.Y. provided research facilities and financial supports. C.-T.H. performed the

DFT calculations. H.Z. and X.-M.C. gave valuable suggestions during the experi-

ments and writing of the paper. L.Z. participated in the data analysis and discussion.

M.A.-M., H.G., W.Z., Q.X., J.X., L.J., Y.W., and P.L. provided assistance in the XRD,

XPS, and STEM characterizations.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: November 12, 2019

Revised: April 6, 2020

Accepted: April 30, 2020

Published: June 24, 2020
REFERENCES
1. Tao, H.B., Xu, Y., Huang, X., Chen, J., Pei, L.,
Zhang, J., Chen, J.G., and Liu, B. (2019). A
general method to probe oxygen evolution
intermediates at operating conditions. Joule 3,
1498–1509.

2. Kordek, K., Jiang, L., Fan, K., Zhu, Z., Xu, L., Al-
Mamun, M., Dou, Y., Chen, S., Liu, P., Yin, H.,
et al. (2019). Two-step activated carbon cloth
with oxygen-rich functional groups as a high-
performance additive-free air electrode for
flexible zinc-air batteries. Adv. Energy Mater. 9,
1802936.

3. Hunter, B.M., Gray, H.B., and Müller, A.M.
(2016). Earth-abundant heterogeneous water
oxidation catalysts. Chem. Rev. 116, 14120–
14136.

4. Zhang, Y., Wu, C., Jiang, H., Lin, Y., Liu, H., He,
Q., Chen, S., Duan, T., and Song, L. (2018).
Atomic iridium incorporated in cobalt
hydroxide for efficient oxygen evolution
catalysis in neutral electrolyte. Adv. Mater. 30,
e1707522.

5. Zou, X., Wu, Y., Liu, Y., Liu, D., Li, W., Gu, L., Liu,
H., Wang, P., Sun, L., and Zhang, Y. (2018). In
situ generation of bifunctional, efficient Fe-
based catalysts from mackinawite iron sulfide
for water splitting. Chem 4, 1139–1152.

6. Zhang, L., Jia, Y., Gao, X., Yan, X., Chen, N.,
Chen, J., Soo, M.T., Wood, B., Yang, D., Du, A.,
et al. (2018). Graphene defects trap atomic Ni
species for hydrogen and oxygen evolution
reactions. Chem 4, 285–297.

7. Diaz-Morales, O., Ledezma-Yanez, I., Koper,
M.T.M., and Calle-Vallejo, F. (2015). Guidelines
for the rational design of Ni-based double
hydroxide electrocatalysts for the oxygen
evolution reaction. ACS Catal. 5, 5380–5387.

8. Liu,W., Bao, J., Guan,M., Zhao, Y., Lian, J., Qiu,
J., Xu, L., Huang, Y., Qian, J., and Li, H. (2017).
Nickel-cobalt-layered double hydroxide
nanosheet arrays on Ni foam as a bifunctional
electrocatalyst for overall water splitting.
Dalton Trans. 46, 8372–8376.

9. Kuznetsov, D.A., Han, B., Yu, Y., Rao, R.R.,
Hwang, J., Román-Leshkov, Y., and Shao-Horn,
Y. (2018). Tuning redox transitions via inductive
effect in metal oxides and complexes, and
implications in oxygen electrocatalysis. Joule 2,
225–244.

10. Corrigan, D.A., Conell, R.S., Fierro, C.A., and
Scherson, D.A. (1987). In-situ Möessbauer
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